The coding region of amphioxus alcohol dehydrogenase class 3 (ADH3) has been characterized from two species, Branchiostoma lanceolatum and Branchiostoma floridae. The species variants have residue differences at positions that result in only marginal functional distinctions. Activity measurements show a class 3 glutathione-dependent formaldehyde dehydrogenase, with k cat /K m values about threefold those of the human class 3 ADH enzyme. Only a single ADH3 form is identified in each of the two amphioxus species, and no ethanol activity ascribed to other classes is detectable, supporting the conclusion that evolution of ethanol-active ADH classes by gene duplications occurred at early vertebrate radiation after the formation of the amphioxus lineage. Similarly, Southern blot analysis indicated that amphioxus ADH3 is encoded by a single gene present in the methylated fraction of the amphioxus genome and northern blots revealed a single 1.4-kb transcript. In situ experiments showed that amphioxus Adh3 expression is restricted to particular cell types in the embryos. Transcripts were first evident at the neurula stage and then located at the larval ventral region, in the intestinal epithelium. This tissue-specific pattern contrasts with the ubiquitous Adh3 expression in mammals.
Alcohol dehydrogenase/aldehyde reductase (EC 1.1.1.1) was one of the first mammalian enzymes crystallized [1] . It was initially described as a liver protein, but is now known to belong to a complex enzyme system [2] with extensive multiplicity within the medium-chain dehydrogenase/reductase (MDR) family, which includes hundreds of characterized forms [3] . Different classes and isozymes have emerged from repeated gene duplications during vertebrate evolution [2] . In mammals, at least six different alcohol dehydrogenase classes are presently known [4, 5] , of which five have been characterized in human tissues. Of these classes, 1 and 3 are the ones best investigated and also the ones best known in species variants. The class 1 enzyme (ADH1) is the classic ethanol-active form, evolves rapidly and exhibits a considerable variability between different species [6] . The ADH3 form, identical to glutathionedependent formaldehyde dehydrogenase [7] , is present in prokaryotes and in all eukaryotes thus far investigated. The expression of ADH3 in mammals is ubiquitous, with transcripts found in all tissues analyzed [8] and increased protein levels in the large intestine, liver, and kidney [9] . It is apparent in mouse embryogenesis already by 6.5 days post-coitum and continuously nearly ubiquitously through 9.5 days post-coitum [10] . This transcript distribution pattern would be consistent with its proposed housekeeping role in cytoprotection by metabolism of formaldehyde [11] . Other vertebrate ADH classes, such as the liver enzyme of class 1, show more restricted expression at the tissue level and at different developmental stages. ADH3 exhibits little variability, both overall and in functional segments [6] , compatible with a defined role in formaldehyde oxidation. Class 3 appears to be the ancient form from which class 1 has emerged bỳ enzymogenesis' [12] via a gene duplication at early vertebrate times, as deduced from an apparent absence of an ethanolactive class 1 form in lines originating before bony fish [13] , the presence of a class 1/3-mixed form in fish [14] , and calculation of the evolutionary rate [15] . Nevertheless, no data have been gathered at the level of amphioxus or other species relevant to the origin of vertebrates. In this regard, cephalochordates are particularly interesting as they are the closest living relatives of vertebrates. This is supported by ribosomal RNA and mitochondrial DNA sequence analysis, together with much anatomical and embryological data [16±19]. Moreover, cephalochordate gene complexity and body plan organization have led to the assumption that lancelets are`archetypal' organisms [20, 21] . There are several examples where single copy genes in amphioxus are orthologous to gene families in vertebrates [21] . We now report the protein and nucleotide coding sequence of amphioxus alcohol dehydrogenase (protein, ADH3; gene, Adh3) and describe its biochemical features. ADH3 is encoded by a single copy amphioxus gene in the methylated genomic fraction. Adh3 expression analyzed by whole-mount in situ hybridization shows a tissue-specific pattern during embryogenesis, contrary to the situation reported for vertebrates. Overall, these data show that not only gene duplications but also variations in the gene expression may have occurred at the origin of vertebrates.
M A T E R I A L S A N D M E T H O D S
Genomic DNA and library screenings Branchiostoma lanceolatum animals were kindly provided by the Laboratoire Arago (Observatoire Oce Âanologique de Banyuls-sur-mer, France). The animals were kept at 270 8C until used. Total genomic DNA was isolated using the guanidine isothiocyanate method [22] with minor modifications [23] . A two-animal B. lanceolatum genomic library was constructed with Lambda FIX-II/XhoI partial fill-in vector. A cDNA library of B. floridae 6±20 h embryos in Lambda Zap II was kindly provided by J. Langeland (Dept of Biology, Kalamazoo College, MI, USA) [24] .
Degenerate oligonucleotides were designed to amplify a Drosophila genomic fragment of the Adh3 gene [25] and this fragment was used to screen the B. floridae cDNA library. The probe was labeled with [a-32 P]dCTP by random-hexamer priming. A low stringency hybridization was carried out in phosphate/SDS solution [26] at 55 8C overnight. Washes were performed at 55 8C for 2 Â 15 min in 2 Â NaCl/Cit, 0.1% SDS, and 1 Â 15 min in 1 Â NaCl/Cit, 0.1% SDS. Positive clones were isolated and characterized by sequence analysis. The B. floridae ADH3 cDNA was then used as a probe to screen the B. lanceolatum genomic library. Hybridization and washes were performed as mentioned above but at 65 8C. DNA fragments from positive recombinant phages were isolated, subcloned into a pUC18 vector, characterized by restriction mapping and sequenced. The B. lanceolatum ADH3 coding sequence was deduced from the corresponding genomic structure.
Protein purification and characterization B. lanceolatum adults (50 g) were homogenized in 200 mL buffer of 10 mm Tris/HCl, pH 8.0, and centrifuged at 20 000 g. The supernatant was adjusted with Tris base to the pH of the buffer and loaded onto a DEAE Sepharose FastFlow column after dilution to reduce the conductivity. The column was washed, and then eluted with a 600 mL gradient of 0±0.5 m NaCl in the buffer. The most active fractions were pooled, Tris was added to 50 mm, and ammonium sulfate to 1.7 m. After centrifugation, the supernatant was loaded onto a Phenyl Superose High Performance column and eluted with a gradient of 1.7±0 m ammonium sulfate in 50 mm Tris/HCl, pH 8.0. The enzyme, recovered in the latter part of the gradient, was dialyzed overnight against 20 mm Tris/acetate, pH 9.0, and submitted to fast protein liquid chromatography (FPLC) on Mono Q in this buffer with a 0±0.5 m NaCl gradient. All buffers contained 0.1 mm dithiothreitol and all steps were carried out at 4 8C. Protein quantification during purification used the Bradford method [27] , and enzyme activity was monitored by NAD 1 reduction with S-hydroxymethylglutathione as substrate [7] . Protein purity was analyzed by SDS/ PAGE with Coomassie brilliant blue staining and by isoelectric focusing with Nitro blue tetrazolium/phenazine methosulfate activity staining.
Enzymatic activities were tested at 25 8C by monitoring NAD 1 reduction measured at 340 nm. K m and k cat values were determined at pH 8.0 in 0.1 m sodium pyrophosphate (with S-hydroxymethylglutathione and NAD 1 ) or at pH 10.0 in 0.1 m glycine/NaOH buffer (with 12-hydroxydodecanoate and octanol). Constants were calculated with the program enzyme [28] , and k cat values are given per dimer. Protein molecular masses were analyzed by matrix-assisted laser desorption time-of-flight mass spectrometry with a Lasermat 2000 instrument.
Southern blot analysis and methylation pattern
Total genomic DNA from a single B. floridae animal was isolated as given above. 10 mg of HpaII-digested or MspIdigested DNA were resolved on 0.9% agarose gels and transferred to nylon membranes. Southern blots were hybridized with three 32 P-labeled probes: 750 bp of the 3 H end of the AmphiMLC-alk cDNA [29] , a cDNA fragment corresponding to exons 2 and 3 (221 bp from nucleotide position 53±274) and a 345 bp EcoRI genomic segment containing exon 8 of B. floridae Adh3. Hybridization was performed in phosphate/ SDS solution [26] at 65 8C overnight and washes were at 65 8C as for the genomic library screening.
Northern blot analysis
For northern blot analysis, total RNA from adult B. lanceolatum animals was isolated by the guanidinium thiocyanate method [30] . Poly(A)
1 RNA was purified using oligo (dT)-cellulose type 7 matrix, resolved by 1.2% agarose/formaldehyde gel electrophoresis, and transferred to nylon membranes. Northern blot hybridization was performed in phosphate/SDS solution [26] at 65 8C overnight with B. floridae 32 P-labeled cDNA probes of Adh3 or of the 750-bp 3
H end of the AmphiMLC-alk [29] . Washes were at 65 8C as for the genomic library screening.
Whole-mount in situ hybridization
B. floridae embryos were collected, fixed, and stored [31] . Whole-mount in situ hybridization was performed as described [31] with minor modifications. Treatment with glycine and acetic anhydride/triethanolamine was omitted, hybridization buffer was as in [32] and at 55 8C. Embryos were washed in 4 Â NaCl/Cit, 50% formamide, 0.1% Tween 20 (3 Â 30 min, 55 8C); 2 Â NaCl/Cit, 50% formamide, 0.1% Tween 20 (3 Â 30 min, 55 8C); 2 Â NaCl/Cit, 0.1% Tween 20 (5 min, room temperature); followed by RNase treatment and 3 Â 5 min NaCl/P i , 0.1% Tween 20 washes. A 1354 bp clone containing the complete Adh3 coding sequence (GenBank accession number AF154331) was used as a template to obtain the sense and antisense digoxygenin (DIG)-labeled probes, synthesized following the kit supplier's instructions (Boehringer Mannheim DIG RNA Labeling kit) and was used hydrolyzed without previous DNAse I treatment. After the labeled lancelets had been photographed as whole mounts under the microscope, they were dehydrated through an ethanol series and embedded in Spurr resin. Serial sections (3 mm each) were cut with glass knives and mounted in immersion oil.
R E S U L T S
Cloning and sequence analysis A Drosophila Adh3 probe, constructed as described in Materials and methods, was used to screen the 6±20 h embryo B. floridae cDNA library. After re-screenings, three strongly hybridizing clones were selected for sequence analysis.
All three clones contained the full-length coding region but differed in the lengths of the 5 H ends. The longest clone (deposited in GenBank, accession number AF154331), with a total length of 1354 bp, 16 bp in the 5 H -nontranslated region, 1131 bp in the coding region (corresponding to 377 amino-acid residues), and 187 bp to the start of the poly(A) tail, was used as a reference for further analysis. In the coding region, the three clones differed by 27 synonymous substitutions (data not shown) and six nonsynonymous substitutions corresponding to Val23 3 Glu, Lys33 3 Arg, Pro193 3Ser, Ala283 3 Ser, Glu359 3 Gln and Arg362 3 Gln. Further heterogeneity at the 3 H nontranslated region was also observed. The 1354 bp B. floridae clone was used to screen a B. lanceolatum genomic library. Phages containing the Adh3 gene were isolated and the corresponding coding region was deduced (deposited in GenBank, accession number AF156698-AF156708). The B. lanceolatum Adh3 coding region spanned over 9.5 kb and was organized in 11 exons. Exon±intron boundaries were largely conserved when compared with those of mammalian Adh genes. B. lanceolatum and B. floridae ADH3 protein sequences are 91% identical. Versus the human and Drosophila ADH3, they are 75% and 76% identical, respectively. Interspecies (B. lanceolatum vs. B. floridae) and intraspecies (B. floridae) amino-acid variability does not include the substrate-binding or the coenzyme-binding positions [33, 34] . Noticeably, these amino acids are highly conserved in other known ADH3 enzymes and so also in the Amphioxus variants.
Only one difference is found in these segments when the amphioxus form (Phe142) is compared to the human form (Tyr140).
Protein purification and enzymatic characterization
Class 3 alcohol dehydrogenase was purified to apparent homogeneity in batches (50 g) from B. lanceolatum whole animals by a three-step chromatographic procedure involving DEAE-Sepharose, Phenyl-Sepharose, and Mono Q FPLC, as given in Materials and methods. Final purification was 1400-fold in a yield of 25% and with a specific activity with S-hydroxymethylglutathione of 8.9 U´mg 21 ( Table 1) . The crude homogenate suggested the presence of only one alcohol dehydrogenase corresponding to the class 3 form, as only one band staining with octanol and formaldehyde-glutathione was resolved after iso-electric focusing (Fig. 1) . No ethanol activity could be detected in the crude homogenate, directly or after attempts to induce ethanol-metabolizing enzymes by incubation of living animals in 1% ethanol for 15 h before homogenization. The purified class 3 enzyme exhibited, like the Table 1 . Purification of ADH3 from B. lanceolatum. Activities refer to S-hydroxymethylglutathione, measured at pH 8. Starting material, 50 g of whole animals.
Step human form [35] , only a weak ethanol-oxidizing activity and was unsaturable with ethanol concentrations up to at least 1 m.
The combined results are compatible with a single class 3 alcohol dehydrogenase, and with an absence of class 1 forms in amphioxus. The final preparation showed a single band upon SDS/PAGE (Fig. 1) . The molecular mass was estimated from SDS/PAGE to be 39.5 kDa. Mass spectrometry gave a value of 40 097 Da (calculated value for the acetylated protein chain without initiator methionine is 40 079 Da). The kinetic parameters (Table 2) were examined under conditions allowing comparisons with those obtained for other class 3 forms. The k cat /K m ratio with the basic formaldehyde dehydrogenase activity typical of class 3 is higher than for the human enzyme, and rather like that for the Drosophila form but overall values are related for all class 3 enzymes [11, 13, 34, 36] , corroborating conserved biochemical features of this enzyme in different animal lines.
Methylation status of the Adh3 gene
To assess the methylation status of the Adh3 gene the patterns of the restriction fragments generated by the methylationsensitive enzyme, HpaII, and the methylation-insensitive isoschizomer, MspI, were compared. For the HpaII digestion, most of the DNA was cleaved to a heterogeneous mixture of fragments resolved by electrophoresis, while an apparently undigested fraction remained at the top of the gel. This high molecular mass component was not devoid of HpaII recognition sites (CCGG) as it was largely removed by digestion with MspI (Fig. 2, lanes 1 and 2) . Most likely this fraction was not cut by HpaII because of CpG methylation. To evaluate the efficiency of the DNA digestion, Southern blots were hybridized with a probe of the AmphiMLC-alk gene, which belongs to the nonmethylated fraction [37] . Full digestion could be deduced from the identity of the HpaII and MspI restriction patterns (Fig. 2, lanes 3 and 4) . The Adh3 methylation status was mapped across the gene using as probes fragments of exons 2 and 3, and exon 8 of the gene (see Materials and methods).
The probes hybridized to the fully methylated sequences of the HpaII unrestricted high molecular weight fraction of amphioxus DNA (Fig. 2, lanes 6 and 8) , which suggests that the 5 H and 3 H flanking regions were methylated.
Expression analysis of the amphioxus Adh3 gene
Expression of the amphioxus Adh3 gene was analyzed in the adult stage ( Fig. 3 ) and in early embryonic development (Fig. 4) . A single transcript of < 1.4 kb was deduced from the isolated cDNAs from embryo libraries and from the northern analysis. Adult Adh transcripts could only be detected in RNA poly(A) 1 preparations, due to the relatively low abundance of the Adh3 mRNA, in contrast to other highly transcribed genes, that is, AmphiMLC-alk (Fig. 3, see lanes 1 and 2 for  comparison) .
The earliest expression of the amphioxus Adh3 gene was detected in the posterior endoderm of the neurula (12 h embryo) (Fig. 4B) . Posterior elongation of the body continues at the end of neurulation, and embryos undergo the morphological changes that generate the larval body. At 24 h postfertilization, the main expression domain was located beyond the branchial anlage and restricted to the posterior portion of the developing gut (Fig. 4C) . At the later stages leading to the swimming larvae, the body grows at the posterior end, and the Adh3 expressing cells are then situated far anterior of the caudal fin. When the mouth opens, at 36 h, the continuous signal of amphioxus Adh3 seems to be interrupted by a small portion with less staining intensity, which corresponds to a small enlargement of the digestive lumen, splitting the expression pattern into two parts, where the anterior one is the largest (Fig. 4D ). This expression-free zone could correspond to the region where the mid and hind guts meet, the ilio-colonic ring of adult animals. The same pattern of expression has been reported for the AmphiNk2±2 putatively involved in regionalization of the digestive tract along the anteroposterior axis [38] . At 48 h and 60 h of development, the body has been completely elongated posteriorly and the expression pattern is maintained in the middle part of the body (Fig. 4E,F) . No other sites of expression were detected in later larvae (Fig. 4G,H ). Transversal sections at the level of the stained region showed the expression to be confined to the intestinal epithelium (Fig. 4I) .
D I S C U S S I O N

ADH3 relationships and properties
The knowledge of the structural and enzymatic properties of amphioxus ADH is important for the understanding of both this enzyme and the ethanol-active class 1 type of liver ADH. Previous data have suggested that many changes occurred at early vertebrate times, which involved a set of gene duplications [2] and an enzymogenesis of the ethanol activity [12] . These relationships can now be further evaluated. Observations on the functional and structural data of amphioxus ADH establish three overall relationships. One is the functional constancy of class 3 activities ( Table 2 ). The amphioxus enzyme links the previously characterized mammalian forms with the still earlier yeast, insect and plant forms, and shows that, within a factor of about three, enzymatic values are constant from insects, via amphioxus to the human enzyme (Table 2) . Significantly, the amphioxus values are close to those of the Drosophila enzyme, in which a Tyr513Phe substitution was suggested to contribute to a weakened coenzyme binding and therefore an increased k cat value [6] . In relation to the human enzyme, the amphioxus structure shows conservation not only of Tyr51 but also of the other residues ascribed coenzyme-interacting functions as deduced from crystallographic studies [33, 34, 39] . These apparent contradictions suggest that the differences in k cat values can be derived from remote changes at`nonfunctional' positions as concluded also for the cod isozyme differences [40] .
The second is the fact that the amphioxus enzyme is a class 3 form. No evidence for more than one gene or for other ADH forms were detected. The Southern analysis (Fig. 2) is compatible with a single-copy gene and so is the finding of only a single octanol-staining band in isoelectric focusing gels of crude B. lanceolatum homogenates. Although three B. floridae cDNAs were isolated, most of their differences (27 out of 33) are synonymous substitutions, and of the nonsynonymous replacements, four of six affect variable positions shared with B. lanceolatum. These observations are compatible with allelic variability as the explanation for the B. floridae differences. No ethanol dehydrogenase activity could be detected using a standard spectrophotometric assay, not even after attempts at inducing such an enzyme with ethanol in the living animal. Hence, all data are compatible with a parent nature of class 3 in relation to the later vertebrate ADH radiation. It is also well illustrated in other multigene families that duplication events in the vertebrate lineage have originated after the divergence of lancelets and that therefore only a single gene member may be present in the cephalochordate line [21] . In agreement with this, we now only find one ADH3 in amphioxus; no evidence of a class 1 form has been gathered.
The third relationship is the structural constancy of class 3 ADH. Inclusion of the amphioxus enzyme in comparisons of all class 3 forms known, from prokaryotes, fungi, plants via amphioxus to vertebrates, reveals that no less than one third of the positions are invariant, more than 45% exhibit only limited variability. This is within the range of similarity for proteins with a conserved function, compatible with the defined metabolic role for ADH3, in formaldehyde detoxification.
The conservation pattern is not uniform along the protein chain. Previous comparisons have suggested that the ADH3 variability is concentrated to two segments at the surface of the molecule, well apart from the active site and subunit interactions [6] . Addition of amphioxus to the comparisons (using the program clustal x [41] ) now shows the pattern with two variable ADH3 segments (indicated as V3a and V3b and marked green in Fig. 5 ) to be uniform among all chordates. In contrast, the variable segments of the class 1 enzyme (V1a±c), which are near the substrate-binding pocket and participate in subunit interactions, are among the most conserved parts of the class 3 molecule, clearly showing the differences in pattern among the classes of ADH, and linking those differences to functional differences. The addition of the amphioxus sequences introduces a single substitution at an otherwise conserved position, Pro58, where a serine is found in both of the two lancelet ADHs. Although Pro58 is adjacent to Asp57, which is crucial for S-hydroxymethylglutathione binding [42] , this proline substitution would not prevent substrate recognition, as deduced from the human class 3 tertiary structure [39] and supported by our enzymatic data. Thus, the B. lanceolatum enzyme is highly active with S-hydroxymethylglutathione, 12-hydroxydodecanoate and octanol.
Methylation status of the Adh3 gene
A typically invertebrate methylation pattern has been reported for amphioxus [37] . The major genomic fraction comprises long domains of nonmethylated DNA interrupted by a minor portion made up of long stretches of heavily methylated DNA. This pattern differs from that of vertebrates, vastly methylated in most cell types. A classic view of genome organization links DNA methylation to gene regulation, whereas genes with a housekeeping role would not be methylated. In accordance with this view the amphioxus Adh3 gene is methylated and shows a tissue-specific expression. However, a housekeeping role for ADH3 could not be ruled out only on the basis of the methylation status, as several housekeeping genes in amphioxus are methylated [37] .
Unexpected Adh3 expression pattern in amphioxus, suggestive of a unique ADH role in differentiation
Northern blot analysis revealed a single B. lanceolatum ADH3 transcript. This is similar to the situation reported for Arabidopsis, Drosophila, and mouse but dissimilar from the situation reported in the human system where two transcripts have been described [8] . Our in situ hybridization analysis revealed that Adh3 expression was restricted to particular cell types, mainly in the presumptive gut, in embryos as well as in late free-swimming and feeding larvae, which already show a basic body plan essentially identical to that of the adult animal. This result is in clear contrast with the ubiquitous class 3 expression reported in vertebrates. This difference is still more surprising if the previously proposed housekeeping role of ADH3 is considered.
Two possible scenarios would explain the differential expression patterns observed. One is that expression in the common ancestor of vertebrates and cephalochordates could have been restricted to particular cell types, as it now appears to be in amphioxus, and extension to all tissues could then have been acquired later, possibly linked to the subsequent gene duplication events and to the acquisition of new functions in the ADH family. Alternatively, the other scenario is that the original expression would have been widespread but that lancelet expression pattern of ADH3 later gained some unique traits, although lancelets retained many of the primitive chordate developmental features. In either case, the present expression analysis shows a unique pattern and suggests an interesting regulatory role for ADH3 in embryonic development. The proposed role of ADH3 as a housekeeping gene may need to be re-evaluated in view of the present data. The viability and fertility described for Drosophila homozygotes with the null allele Fdh nNCl [43, 44] , and the null mutant mice generated by gene targeting [45] , further emphasize this point.
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